This work describes the first phylogenetic analysis of the entire Asteraceae based only on chemical data. The data matrix used in this study was based on a large chemical database comprising ~400 skeletal types of terpenes, coumarins, flavonoids, benzofurans and polyacetylenes isolated from the family. Hypotheses about the relationships among tribes are discussed based on the chemical data and compared with relationships inferred from the morphological and macromolecular based classifications.
The secondary chemistry of the Asteraceae has been studied intenstively over the last two centuries and several classification systems have been proposed based on combinations of chemical, morphological and, more recently, molecular data [1] [2] [3] [4] [5] [6] [7] [8] [9] . Yet, no previous study has attempted to use only chemical data for a phylogenetic analysis of the entire Asteraceae. The widespread occurrence and trends of acummulation of certain classes of compounds make this family particularly wellsuited for chemotaxonomic studies [10] [11] [12] [13] [14] and in some cases have proven useful in clarifying relationships among taxa at the tribal, generic and species levels [14] . In other cases, inconsistencies in the literature and great variability in chemical reports make chemical characters comparatively unreliable. Even today, little is known about the genetic and environmental controls over secondary metabolism and so presence/absence studies for the end products of biosynthetic pathways have often failed to predict the evolutionary relationships among taxa.
In recent years, some of these hurdles have been overcome by increasing the number of compounds isolated and then coupling this information with new programs for the manipulation of data and statistical analysis. These advances have allowed researchers to gain a much broader and more detailed view of the distribution and occurrences of secondary metabolites in the Asteraceae. In addition, the development of techniques to allow rapid DNA sequencing has provided innovative approaches to plant systematics and an opportunity to re-explore the usefulness of secondary metabolites for further refining molecular based systematic studies of the Asteraceae.
The familial classification of the Asteraceae began with the French botanist Henri Cassini [15] , who in 1816 published a diagram showing the interrelationships of nineteen tribes of the Asteraceae (Figure 1 ). Then in 1873, Bentham revised Cassini's arrangement reducing the number Cassini [15] showing the interrelationships of nineteen tribes of the Asteraceae.
of tribes to thirteen ( Figure 2 ). The tribal subdivisions proposed by Bentham [16] continue to be used even today, as part of the 11 subfamily and 35 tribes described in the recent molecular work of Panero and Funk [7] , whose molecular phylogeny included 13K of chlorplast sequence data and solidifed the relationships among the tribes of Asteraceae. [16] reducing the number of tribes to thirteen from Cassini's arrangement [15] for nineteen tribes.
Early work on the subfamilial classification of the family was carried out by several researchers. In 1976, Carlquist [1] concluded that there are two subfamilies in the Asteraceae on the basis of morphological studies, the Asteroideae and the Cichorioideae (Table 1 ). In the same year Wagenitz [2] also proposed a two subfamilial classification that differed from that of Carlquist by placing the Eupatorieae with the Asteroideae instead of in the Cichorioideae (Table 2 ). This biphyletic view of the family was a major step in understanding the tribal interrelationships within the Asteraceae. In 1987, Bremer presented a working cladogram of the Asteraceae based on 81 characters, 10 of which were chemical [9] (Figure 3 ). The remaining characters were mostly morphological features such as coralla type, styles and stamens and to a lesser extent chromosome numbers, anatomy and chloroplast DNA. Bremer's study [9] is one of the only examples of incorporating chemical characters in combination with morphological and molecular data into a cladistic analysis of the Asteraceae.
Eight years later, at the Proceedings of the International Compositae conference held in London at Kew Gardens in 1995, Bremer presented a new subfamilial view of the Asteraceae based on a cladisitic study of morphology in which he proposed four subfamilies: the Asteroideae, Cichorioideae, Carduoideae and Barnadesioideae [17] . Bremer placed the Mutiseae as an unresolved clade nested between the Barnadesioideae and the Carduoideae. Figure 4 shows Bremer's diagram as presented in Kew [17] , which he modified from his original diagram published one year earlier [3] . [17] . For the three-letter acronyms, see Table 2 .
In 1995 at the Kew meeting, Kim and Jansen [6, 18] presented a phylogenetic analysis of 94 ndhF sequences representing all major clades of the Asteraceae ( Figure 5 ). The ndhF chloroplast gene proved to be three times more phylogenetically informative than previously used genes, such as rbcL. The ndhF tree showed five major clades in the family and demonstrated the potential for this marker in resolving phylogenies. Kim and Jansen's strict consensus ndhF tree condensed to tribes [6, 31] . For the three-letter acronyms, see Table 3 .
There are several ways in which the extensive chemical data that have become available can be used to understand the evolution and diversification of the Asteraceae. Perhaps the most useful application is the mapping of occurrences of different structural types onto a molecular phylogeny of the Asteraceae to visualize the distribution of chemical classes at different hierarchal levels. This approach was presented at the International Compositae Alliance meeting in Barcelona, Spain (July 2006) [19] and will be published next year in the proceedings of the meeting. This application of the chemical data can provide clues to understanding how different chemical pathways have evolved in the Asteraceae.
Alternatively, chemical data can be applied to reconstructing phylogenetic trees in comparison with morphological or molecular-based phylogenetic analyses. Despite the limitations of using secondary metabolite data for phylogenetic reconstructions, there is still value in creating these chemical phylogenies in an attempt to understand why they differ from the molecular and morphologically trees. The results from these analyses should help to determine which clades of the Asteraceae are best defined by the chemical characters used in this study; the clades that exhibit a strong phylogenetic signal will be further examined to address questions regarding the importance of secondary metabolites in the adaptation and evolutionary success of the Asteraceae. In areas of the tree where chemical data produces arrangements of clades that differ from molecular and morphological-based studies, this information can also be useful in understanding where convergence leads to similar chemical expression patterns and can help answer questions about the influence of secondary metabolites on the adaptive pressures and strategies used by the taxa.
In the chemically-based study presented here, genera of the Asteraceae were grouped into tribes following I. Bremer's morphologically-based classification [3] and II. the molecular-based classification of Kim and Jansen based on ndhF sequence data [6] . It should be mentioned that the ndhF phylogeny of Kim and Jansen (1995) , although one of the most important and influential papers related to Asteraceae phylogeny, is not the most up-to-date molecular phylogeny available. The recent molecular studies of Panero and Funk [7] provide a more accurate phylogeny for the family, but do not provide a complete list of genera according to their new 35 tribal arrangement, and therefore, nearly half of the chemical data in our matrix would be missing if their tribal arrangement was employed for our analysis here.
A phylogenetic analysis was carried out in PAUP [20] using 389 chemical characters based on ~7,000 different compounds reported in theliterature from 3,159 species of the Asteraceae, grouped by skeletal types (Figure 6 ) [21] [22] [23] [24] [25] [26] [27] . The chemical characters used for the two outgroups, Goodeniaceae and Calyceraceae, were also taken from the literature [28, 29] . The 389 skeletal types can be viewed at the website given in the references cited [30] .
A data matrix was created for each tribal arrangement used in this study. The chemical data contained 3,159 species (666 genera) ( Table 2 ) with a total of ~7,000 chemical compounds grouped into 389 skeletal types, thus compounds in each group are biogenically related. The data were extracted directly from the chemical database obtained from our own system, SISTEMAT [31] , which includes the occurrence data (ca. 28,000 entries) for the 389 skeletal types examined in this study. The assembly of the database arose through an extensive inspection of Chemical Abstracts from 1960 to 2004. The matrix used in this study consisted of taxa (subgroups of those listed in Table 2 ) scored for presence/absence of each of the 389 structural types. If a carbon skeleton appeared at least once in a given taxon then a value of one was assigned and if that skeleton was not present in the literature data then an assumed value of zero was given. Therefore, there were no missing data in the matrix. The taxa analyzed in this study and their respective three-letter acronyms, the number of species in each taxa and the number of species in the database. Nomenclature for tribes was adapted from Bremer [3] , except where there is an asterisk (*), which indicates nomenclature from Kim and Jansen [6] . Phylogenetic studies are based on the premise that characters and character states reflect common ancestry and thus will reconstruct the pattern of ancestry and descent. We have assumed here that the occurrence of the same chemical structural type in two taxa is the result of common ancestry although we realize that, like all characters, similar states can be the result of convergence.
Maximum parsimony (MP) analyses of the chemical data were performed using PAUP*4.0b10 [20] . Heuristic searches were performed using addition sequence with 1000 random additions of taxa, tree bisection-reconnection (TBR) branch swapping, and MulTrees (keeping multiple, shortest trees). A bootstrap analysis [32] was also performed to evaluate the degree of support for branches using 1000 replicates with random sequence addition and TBR branch swapping. Bootstrap values of less then 50% are not shown. A strict consensus tree was produced from all equally parsimonious trees.
Genera from our chemical database of the Asteraceae [31] were assigned to tribes according to the morphologically-based classification of Bremer [3] and entered into a data matrix with chemical characters.
A maximum parsimony analysis of our data matrix organized by Bremer's tribal classification produced three shortest trees of 657 steps; 172 of the 389 chemical characters were parsimony informative. Figure 7 shows our strict consensus tree (I) with bootstrap values, the asterisks indicating groups not matching the classification system of Bremer [3] .
Our phylogeny based on chemical characters alone was able to differentiate the Barnadesioideae as a monophyletic group strongly supported (91% bootstrap) as sister to the rest of the Asteraceae family, which is in good agreement with Bremer's morphological findings [3] . The tribes placed by Bremer into the Cichorioideae were not grouped together by our chemically-based analysis but instead formed a grade between the Barnadesioideae and the Asteroideae. The position of the Carduoideae was unresolved in our chemically-based analysis, instead of being placed between the Cichorioideae and the Mutisieae as Bremer did in his analysis. The Mutisieae and the Vernonieae are grouped on the basis of chemical data as sister tribes for which there is moderate bootstrap support (70%). This grouping is probably due to the similarities in the production of complex coumarins by both tribes. It is interesting to speculate that perhaps the parallelism for the production of these compounds may have been a result of similar adaptive pressures. In contrast to the chemical data, Bremer placed Vernonieae as one of the four tribes known as the "Vernonoid group" comprising the Cichorioideae subfamily. Thus, the positioning of the Mutisieae and Vernonieae as sister to the Asteroideae subfamily based on the chemical data is unusual because the Mutisieae is almost always, after Barnadesioideae, sister to the rest of the Asteraceae. In our chemically-based analysis, the Liabeae and the Arctoteae of the Vernonoid group, both form monophyletic groups between the Barnadesioideae and the remaining tribes of the Asteraceae.
Figure 7:
Our strict consensus tree (I) of three equally parsimonious trees with 657 steps based on chemical data using the tribal classification of Bremer [3] . The Goodeniaceae and Calyceraceae were used as outgroups in the parsimony analysis, but are omitted in this figure. For the threeletter acronyms, see Table 2 .
Based on the chemical data in this analysis, ( Figure  7 ) the tribes that make up the Asteroideae subfamily formed a moderately supported (73% bootstrap) monophyletic group, which agrees with morphological data [3] , with the exception of the Calenduleae and the Plucheeae, which are placed by the chemical data outside the Asteroideae. The chemical data only weakly supported intertribal relationships within the Asteroideae subfamily. This finding is similar to that of Bremer whose cladogram also showed a poorly resolved Asteroideae (Figure 4) .
Using a data matrix with genera placed in tribes according to Kim and Jansen's classification [6] and scored for the 389 chemical characters, maximum parsimony produced three shortest trees each of 642 steps; 195 of the 389 chemical characters were parsimony informative. Figure 8 shows our strict consensus tree (II) with bootstrap percentages, the asterisks indicating tribes which differ in the subfamilial classification according to Kim and Jansen [6, 18] . A major difference between our tree constructed from chemical data and the molecular based tree of Kim and Jansen [6, 18] is the polytomy between the outgroup Goodeniaceae and the ingroups Athroisma group and Tarchonantheae (Figure 8 ). The chemical data were unable to distinguish which of these two branches is sister to the Asteraceae. However, from molecular and morphological data, it is clear that both the Tarchonantheae and the Athroisma group are part of the Asteraceae family and that Goodeniaceae is an outgroup [6, 18] . A limited amount of chemical data and the small number of representative genera (one genus and two species representing ATH and one genus and one species representing TAR) can probably explain these differences in conclusions based on different types of data. Our strict consensus tree (II) of three shortest trees of 642 steps based on chemical data using the tribal assignments of Kim and Jansen [6] . For the three-letter acronyms, see Table 2 . Asterisks indicate taxa which differ from Kim and Jansen's [6] subfamilial placement.
Our chemically-based phylogenetic analysis ( Figure  8 ) showed a monophyletic Asteroideae with the exception of the Calenduleae, which instead was sister to the Cardueae. The bootstrap support for the Asteroideae branch was only 69% compared with 98% in Kim and Jansen's analysis and tribal affinities within the Asteraceae differed in several ways from Kim and Jansen's ndhF tree [6, 18] . In Kim and Jansen's analysis the Asteroideae subfamily was a strongly supported monophyletic group, but within the subfamily the three monophyletic clades (i. Senecioneae; ii. the Gnaphalieae, Calenduleae Anthemideae and Astereae; iii. a clade which includes the Inuleae, as well as the Athroisma group and the Heliantheae sensu lato, which contains Helenieae, Coreopsideae, Eupatorieae and Tageteae) were not well resolved in their relationship to each other [6, 18] . Most tribes, however, were very well supported within each clade. In contrast, in our chemical analyses, intertribal relationships in the Asteroideae subfamily were fully resolved, although not all branches were well supported and some tribes were grouped differently from those based on Kim and Jansen's molecular data [6] .
In our phylogenetic analysis based on chemical data using the tribal assignments of Kim and Jansen [6] , Anthemideae was sister to the rest of the Asteroideae, followed by Senecioneae, which in turn, was sister to two clades: one containing Heliantheae sensu lato and Astereae and another containing Inuleae and Gnaphalieae. Moreover, the group sister to Anthemideae was moderately supported with a bootstrap value of 77%, whereas the AstereaeHeliantheae sensu lato clade was weakly supported with a bootstrap value of 54%. The pairing of Gnaphalieae and Inuleae was the most strongly supported clade in our chemical analysis with a bootstrap value of 95%.
Paraphyly of Cichorioideae subfamily was indicated by the ndhF tree in Kim and Jansen's paper [6] . However, certain clades did form strongly supported monophyletic groups, such as the "LALV" group containing the Lactuceae, Arctoteae, Liabeae and Vernonieae, which had 100% bootstrap support as the sister group to the Asteroideae based on the ndhF data. In our chemical phylogenetic analysis the Vernonieae was the monophyletic sister group to the Asteroideae with 53% bootstrap support. It is worth mentioning that in previous chemical studies [33] Vernonieae was found to be the group within the LALV clade that possessed the most advanced chemistry (based on its content of highly oxidized sesquiterpene lactones).
Our study also produced a paraphyletic Cichorioideae (Figure 8 ) with the tribes poorly resolved with the exception of the grouping of Nassauvieae and Mutisieae. Although only weakly supported by the chemical data in this study, this is the only case where the chemical data provided more bootstrap support than the molecular data (54% in this study compared with 50% (data not shown) in Kim and Jansen's molecular based study) [6] . Because molecular and morphological data have both failed to resolve fully the relationships among members of this subfamily, this is an area of the tree that should be examined further using chemical data.
There is a wealth of molecular and morphological data that supports the Barnadesioideae subfamily as sister to the rest of the Asteraceae [3, 6, 7] . The phylogenetic analysis of the chemical data presented here moderately supports this view with a bootstrap value of 83%, with the exclusion of the unresolved polytomy containing the outgroup Calyceraceae and the Tarchonantheae and the Athroisma groups.
The purpose of this study was to compare previous classifications of the Asteraceae based on morphological [3] and molecular data sets [6] with new phylogenetic reconstructions based on chemical data of carbon skeletal classes compiled from extensive searches of the literature (strict consensus tree (I) and (II), Figures 7 and 8) . The chemical characters used in this study allowed construction of tree topologies that differed in the relationship of some tribes from trees based on morphological and molecular data of the major clades of the Asteraceae. Not all of the chemical characters used in this study were informative and others have probably evolved independently in multiple lineages; thus the chemical data alone were unable to resolve relationships among some tribes. However, the chemical data defined the Barnadesioideae and the majority of the Asteroideae as distinct subfamilies. Relationships among some clades were moderately to well-supported by the chemical data and are in good agreement with either the morphological or the molecular based classifications of the Asteraceae. Future work should focus on tribes and groups where the chemical data reflects the phylogenies produced with DNA data (i.e., Mutisieae and Nassauvieae). An in-depth chemical analysis of these clades may prove helpful in understanding the evolutionary role of secondary metabolites in these groups.
There are also cases where chemical data produce well supported but very different relationships among tribes or groups of taxa, when compared with relationships produced by molecular or morphological data. Many questions remain regarding why these differences in relationships occur between the chemical trees presented here and morphological and molecular based alignments. For example, why do clades that are strongly supported by chemical data in this analysis (i.e., GNA-INU) differ in their placement based on morphological and molecular data? There are, of course, many limitations of chemosystematics that need to be considered when interpreting the results of chemically-based studies [34] . Even with the growing number of reported taxa with secondary metabolite data appearing in the literature (28,000 chemical occurrences in the Asteraceae), there are still many genera and species for which no chemical data are reported. In addition, chemists spend a disproportionate effort on identifying new and unusual compounds that have potential medicinal and pharmaceutical value; moreover chemists looking for new structures will usually not isolate known compounds or compounds present in small quantities, making it even more difficult for chemosystematists to use chemical reports from the literature in their studies. The large quantitative and qualitative differences for different plant parts studied make it nearly impossible to compare chemical data across the literature for a particular species, especially since the plant parts used in their studies are often not fully described.
Despite advances made both in phytochemistry and genetics, little is known about the genetic control of secondary metabolite production and this has a huge impact on the ability of scientists to use chemical data to infer evolutionary relationships, just as is often the case with morphological data. Synapomorphies and homplasy are present in both chemical and morphological data, but are difficult to distinguish. A plant's capability of producing a particular class of compounds is not necessarily reflected in the secondary metabolite patterns reported in the literature; thus the absence of a compound could mean the plant lacks the ability to produce this compound, but it could also mean the compound was not detected in that particular study. A deeper understanding of the genetic basis of secondary metabolism will be necessary for researchers to weight chemical characters in a way to gain the most informative results in phlyogenetic analyses.
It is clear from the results presented here that the phylogenetic signal of the chemical data is compromised by the incomplete and often, inconsistent chemical reports and until this problem with the literature data is overcome, molecular data will continue to provide the most reliable phylogenetic trees. However, a single view using one type of approach, whether it be molecular, morphological or chemical, cannot provide answers to all questions relating to the evolution of the Asteraceae. Therefore, there is still potential in using these data to answer important questions regarding the lineage of this family, and the phylogenetic reconstructions based on the chemical data presented here provide a starting point for addressing questions about the adaptive mechanisms and ecological functions of secondary metabolites in the Asteraceae.
